Abstract. Cloning is one of several new assisted reproductive techniques being developed for clinical use in the equine industry. Potential uses of equine cloning include: (1) the preservation of genetics from individual animals that would otherwise not be able to reproduce, such as geldings; (2) the preservation of genetic material of endangered and/or exotic species, such as the Mongolian wild horse (Przewalski's horse); and (3) because of the companion animal role that horses fill for some individuals, it is likely that some horse owners will have individual animals cloned for emotional fulfillment. Although equine cloning has been successful, like other species, it remains a very inefficient process (<3% success). In most species, the inefficiency of cloning results from a high incidence of embryonic, fetal and/or placental developmental abnormalities that contribute to extremely high rates of embryonic loss, abortion and stillbirths throughout gestation and compromised neonatal health after birth. The present review describes some of the ultrasonographic, endocrinological and histopathological characteristics of successful (produced viable offspring) and unsuccessful (resulted in pregnancy failure) cloned equine (mule and horse) pregnancies we have produced. A total of 21 cloned mule pregnancies were established using fetal fibroblast cells, whereas a total of seven cloned horse pregnancies were established using adult cumulus cells. Three of the cloned mule conceptuses were carried to term, resulting in the birth of three healthy clones. This information adds to an accumulating body of knowledge about the outcome of cloned equine pregnancies, which will help to establish when, and perhaps why, many cloned equine pregnancies fail.
Introduction
The ability to clone animals using somatic cell nuclear transfer offers tremendous potential for application in the areas of animal agriculture (e.g. genetic improvement (Lewis et al. 1998; McClintock 1998) and disease resistance (Denning et al. 2001) ), conservation biology, through the preservation of endangered species (Wells et al. 1998; Loi et al. 2001) , and medical biotechnology (e.g. the production of transgenic animals for 'biopharming' (Schnieke et al. 1997; Baguisi et al. 1999 ) and xenotransplantation of organs (Denning et al. 2001; Dai et al. 2002) ). For the equine industry, nuclear transfer is one of several new assisted reproductive techniques (e.g. oocyte transfer, intracytoplasmic sperm injection etc.) being developed for clinical use. The potential uses of equine cloning include: (1) the preservation of genetics from individual animals that would otherwise not be able to reproduce, such as geldings; (2) the preservation of genetic material of endangered and/or exotic species, such as the Mongolian wild horse (Przewalski's horse); and (3) because of the companion animal role that horses fill for some individuals, it is likely that some horse owners will have individual animals cloned for emotional fulfillment. Of these, cloning geldings to produce intact males for breeding purposes has been the first clinical application of equine cloning (Holden 2005) . Although some breed associations (e.g. The Jockey Club, American Quarter Horse Association) do not currently allow the registration of cloned animals, for some equine sporting activities (dressage, show-jumping, cutting etc.) breed registry status is irrelevant, which eliminates that regulatory impediment to the use of cloning technology.
Equine cloning was first successful in 2003, when we reported the live birth of three mule foals cloned from a fetal fibroblast cell line (Woods et al. 2003) and Galli et al. (2003) reported the live birth of a horse foal cloned from an adult fibroblast cell line. Since then, several more cloned horses have been produced (Hinrichs 2005; Holden 2005 ). Despite these successes, like other species, the current efficiency of equine cloning is very low, as evidenced by the fact that only between 0.7% (Hinrichs 2005 ) and 2.7% (Woods et al. 2003) of reconstructed cloned equine embryos result in the birth of live offspring. During the course of our work, we found that increasing the calcium concentration in the medium used for oocyte handling and activation significantly increased the pregnancy rates with the cloned embryos, which led to the birth of the three cloned mules (Woods et al. 2003) . In addition, similar to other species (DeLegge et al. 2004) , there is evidence that the individual cell donor can influence the success of equine cloning (Galli et al. 2003; Vanderwall et al. 2004a) . Clearly, further work is needed to increase the efficiency of equine cloning. The present review describes some of the ultrasonographic, endocrinological and histopathological characteristics of successful (produced viable offspring) and unsuccessful (resulted in pregnancy failure) cloned equine (mule and horse) pregnancies that we have produced. Details of the specific procedures used to produce all the cloned pregnancies have been reported previously (Woods et al. 2003; Vanderwall et al. 2004a) . A total of 21 cloned mule pregnancies were established using fetal fibroblast cells, whereas a total of seven cloned horse pregnancies were established using adult cumulus cells.
Ultrasonographic characteristics
Immediately following reconstruction and activation of cloned embryos, the embryos were transferred surgically to the oviduct of recipient mares (n = 2-5 embryos per mare) that had ovulated within 24 h prior to the transfer. An initial pregnancy examination was performed using transrectal ultrasonography between Days 12 and 16 (Day 0 = surgery); subsequent examinations were then performed approximately every 7-10 days until Day 60 and then approximately every 2-4 weeks throughout gestation (or until pregnancy loss occurred). End-points evaluated at each examination during early gestation (<60 days) were as follows: (1) the size and location of the embryonic vesicle(s); (2) the presence of an embryo proper within the vesicle; and (3) the presence of an embryonic heartbeat. Conceptuses were considered small for their gestational age if they were greater than or equal to two standard deviations less than the mean value for viable non-cloned horse conceptuses reported previously . The primary end-point evaluated at each examination during mid-gestation (60-270 days) was ultrasonographic and/or manual detection of fetal movement. End-points evaluated during late gestation (>270 days) were fetal movement and ultrasonographic assessment of the combined thickness of the uterus and placenta (CTUP), as described previously .
Six of 18 (33%) cloned mule embryos and one of seven (14%) cloned horse embryos that failed spontaneously were small for their gestational age at the first and/or second examination at which they were detected (Fig. 1) . Most remained small for age until they were lost. All three successful mule conceptuses were of normal size at each examination during early gestation. Another characteristic noted in several failed pregnancies was the absence of the development of the embryo proper, which generally becomes evident by Day 25 of gestation . Six of 14 (43%) of the cloned mule embryos that were maintained past Day 25 of gestation failed to develop an embryo proper and appeared to be developing as trophoblastic vesicles (Fig. 2) . Three of the six apparent trophoblastic vesicles were small for their gestational age. All four cloned horse embryos that were maintained past Day 25 developed an embryo proper.
There were generally no premonitory signs of impending embryonic loss in the conceptuses that did not develop an embryo proper; the conceptus was simply not evident at a subsequent examination. Signs of impending embryonic loss were generally observed in conceptuses in which an embryo proper was observed and included the following: (1) the absence of an embryonic heartbeat; (2) disorganisation of the conceptus membranes; and (3) increased echogenicity of conceptus fluids. One or more of those signs were typically observed in conceptuses before pregnancy loss (Fig. 3) . Of the 18 cloned mule pregnancies that failed spontaneously, 10 (56%) were lost between Days 14 and 30, whereas the remaining eight (44%) were lost between Days 30 and 60 of gestation. Similarly, of the seven cloned horse pregnancies that failed spontaneously, four (57%) were lost between Days 14 and 30, whereas the remaining three (43%) were lost between Days 30 and 80 of gestation.
During the 9th, 10th and 11th months of gestation, CTUP measurements of the three successful cloned mule pregnancies were compared with CTUP measurements obtained from commercial broodmares carrying non-cloned horse pregnancies . At each examination at which it was measured (Fig. 4) , the CTUP of the cloned pregnancies was within the normal reference range for non-cloned pregnancies.
Endocrinological characteristics
Jugular blood samples were collected from the mares at the time of each pregnancy examination and the serum was recovered and stored at −20 • C until further analysis. Equine chorionic gonadotropin (eCG) was determined with a radioimmunoassay, as described previously (Roser and Lofstedt 1989) . The sensitivity of the eCG assay was 1.0 ng mL −1 and the intra-and interassay coefficients of variation were 6.5 and 13.9%, respectively. Levels of conjugated oestrogens were determined with a radioimmunoassay, as described previously (Roser and Hughes 1991) . The sensitivity of the conjugated oestrogen assay was 0.2 ng mL −1 and the intra-and interassay coefficients of variation were 4.5% and 9.2%, respectively.
Equine chorionic gonadotropin levels in the three successful mule pregnancies and four unsuccessful cloned mule pregnancies are shown in Figs 5 and 6, respectively. All three The vesicle was 28 mm in diameter (normal size), but the conceptus was apparently developing as a trophoblastic vesicle because there was no evidence of an embryo proper. The conceptus was not present when the mare was examined again 5 days later. Each division along the top and left margins is equal to 10 mm. successful cloned mule pregnancies developed peak eCG levels between 250 and 650 ng mL −1 between Days 40 and 50 of gestation, which then declined to baseline levels again by Day 100 of gestation. The eCG level in three of four unsuccessful cloned mule pregnancies reached levels similar to those observed in successful pregnancies; however, in one mare (no. 232) the eCG level remained less than 50 ng mL −1 , despite the fact that a conceptus with a heartbeat was evident on Day 45 of gestation. When that mare (no. 232) was examined one week later on Day 51, the embryo proper was evident, but there was no cardiac activity. Figure 7 shows eCG levels in three unsuccessful cloned horse pregnancies and the mean (± s.e.m.) eCG levels non-cloned horse pregnancies was greater than 4500 ng mL −1 on Day 45 of gestation. Conjugated oestrogen levels in the three successful mule pregnancies are shown in Fig. 8 . All three successful cloned mule pregnancies exhibited an initial rise in conjugated oestrogens after Day 80 of gestation, which then rose to peak levels greater than 1000 ng mL −1 between Days 150 and 180 of gestation, and then underwent a continual decline back towards baseline throughout the remainder of gestation. The level of conjugated oestrogens remained at baseline levels in all unsuccessful cloned mule and horse pregnancies (all lost before Day 80 of gestation).
Histopathological characteristics
Two mares carrying unsuccessful cloned mule conceptuses were killed on Days 44 (mare no. 259) and 45 (mare no. 279) and the entire reproductive tract containing the conceptus was removed from each mare. An embryo proper and heartbeat had been visualised in both mares on Days 29 (no. 259) and 30 (no. 279); however, on Days 41 (no. 259) and 42 (no. 279) the embryo proper was still evident, but cardiac activity was not detected. Therefore, the conceptuses were recovered for gross and microscopic evaluation. Gross examination did not reveal any abnormalities in either conceptus (Fig. 9) . Similarly, histopathological evaluation of each fetus and associated placental membranes did not reveal any pathological lesions that may have contributed to their demise. Evaluation of sections of endometrium containing endometrial cups showed that there was a heavy infiltration of inflammatory cells in and around the endometrial cups. The endometrial cups in both mares had begun to secrete eCG, as shown in Fig. 6 .
The three mares that delivered live cloned mules spontaneously expelled the placenta within 90 min of parturition. The physical characteristics of each placenta were evaluated ( Fig. 10) and compared with previously published data (Whitwell and Jeffcott 1975) for thoroughbred horses; of note was the finding that the non-pregnant horn was longer than the pregnant horn in all three cloned placentas, whereas the pregnant horn is typically longer than the non-pregnant horn in equine placentas. The clinical significance (if any) of this finding is not known. In addition, the placenta of one mare showed gross and microscopic evidence of mild, focal microcotyledonary necrosis in three areas (4.0 × 5.0, 3.0 × 1.5 and 2.0 × 2.0 cm) that was associated with minimal inflammatory changes (lymphocytic placentitis) and that yielded growth of moderate numbers of Aeromonas and Klebsiella organisms. There was no evidence that these areas of focal placentitis compromised the fetal and/or neonatal health of this mare's foal. Although the inciting cause of the placentitis is unknown, it is unlikely that it was related to the cloning procedure. Other than the focal placentitis in this one mare, gross and histological evaluation of all three placentas was unremarkable (Fig. 11) . 
Neonatal health
Immediately after birth, all three foals were weighed and underwent a complete physical examination. Within 36 h of birth, blood samples were collected from each foal for routine haematology and blood chemistry analyses, which have been reported previously (Vanderwall et al. 2004b) . All three foals exhibited a mild to moderate thrombocytopenia, which resolved spontaneously and was not associated with any clinical signs. The underlying cause of the thrombocytopenia is not known, but may have been the result of the absorption of alloantibodies in the colostrum that recognised foal platelets (Ramirez et al. 1999) . Clinically, the foals remained healthy throughout the neonatal period and continue to be healthy and vigorous at the time of writing (Fig. 12) . 
Discussion
The high incidence of pregnancy loss (89% overall) in the cloned equine pregnancies described herein is similar to results obtained with other species (for a review, see Trounson 2001) . The primary problem contributing to the inefficiency of cloning has been referred to as 'cloned offspring syndrome' (Cross 2001) , which is characterised by a high incidence of embryonic, fetal and/or placental developmental abnormalities that result in extremely high rates of embryonic loss, abortion and stillbirths throughout gestation and compromised neonatal health after birth (Renard et al. 2002) . The embryonic/fetal and/or placental developmental abnormalities that result in abortion, stillbirth or compromised neonatal health are thought to reflect incomplete or abnormal genetic reprogramming of the donor nucleus, specifically related to critically important imprinted genes (Mitalipov and Wolf 2000; Young and Fairburn 2000; Han et al. 2003) . It seems likely that reprogramming errors contributed to the high incidence of early embryonic loss in these cloned pregnancies but, unlike cattle and sheep, in which pregnancy losses occur throughout gestation (Renard et al. 2002; Edwards et al. 2003) , the losses were confined to early gestation.
Overall, 28% of the unsuccessful cloned pregnancies were small for their gestational age, whereas all three successful cloned pregnancies were of normal size during early gestation. This is consistent with several studies that have documented higher pregnancy loss rates in mares carrying undersized non-cloned equine conceptuses (Chevalier and Palmer 1982; Ginther et al. 1985; Adams et al. 1987; Bergfelt et al. 1992) . The finding that three of the six undersized cloned pregnancies appeared to be developing as trophoblastic vesicles is not surprising, because it has been reported that non-cloned horse conceptuses that were small for their gestational age were 50-fold more likely to develop as a trophoblastic vesicle compared with normal sized conceptuses . It seems likely that these ultrasonographically detectable characteristics (small for age and trophoblastic vesicle formation) of the unsuccessful cloned pregnancies reflect genetic reprogramming errors, as described above.
Although one mare developed a focal placentitis, there was no evidence of any cloning-related change in placental development or function during late gestation in the three mares that gave birth to cloned mules. The CTUP measurements were within the normal reference range and gross and morphological assessment of each placenta did not reveal any changes that could be ascribed to the fact they were from cloned pregnancies. This is in marked contrast with the high incidence of developmental and/or functional abnormalities of the placenta in cloned cattle and sheep, which contributes to the high incidence of pregnancy failure and neonatal loss in these species (Hill et al. 2000; De Sousa et al. 2001; Edwards et al. 2003) . The underlying reason for this difference is not known.
The three mares that successfully carried cloned mule conceptuses to term developed peak eCG levels between 250 and 650 ng mL −1 between Days 40 and 50 of gestation, which then declined to baseline levels again by Day 100 of gestation. Three of four mares carrying unsuccessful cloned mule conceptuses developed similar levels of eCG between Days 40 and 50 of gestation, despite the fact that the pregnancies were failing at that time; therefore, there was no evidence that endometrial cup formation or function was different (or contributed to pregnancy loss) in those three unsuccessful pregnancies. In contrast, the eCG level in one mare carrying an unsuccessful cloned mule conceptus increased to only 50 ng mL −1 , despite the presence of a viable conceptus on Day 45. It seems likely the altered eCG secretion in this mare was due to abnormal development and/or function of the endometrial cups; however, whether the altered eCG secretion contributed directly to the failure of this cloned pregnancy, or was simply an indication of its impending demise, is unknown. Mares carrying (non-cloned) mule conceptuses develop eCG levels that are approximately 80-90% lower than mares carrying horse conceptuses (Clegg et al. 1962; Allen et al. 1993) ; therefore, the levels of eCG in the successful cloned mule pregnancies appeared to be within the expected normal range for non-cloned mule pregnancies based on comparison with the eCG levels in the control non-cloned horse pregnancies in the present report (Fig. 7) .
All three mares carrying cloned horse conceptuses in which eCG was measured developed levels markedly lower than control mares carrying non-cloned horse conceptuses; however, the viability of all three cloned conceptuses had become questionable (i.e. loss of cardiac activity) between Day 35 and 42 of gestation. Therefore, it is not known whether the apparently lower (compared with control) level of eCG secretion was due to a generalised loss of viability or a primary result of abnormal embryonic/placental development. It seems unlikely that the altered secretion of eCG contributed directly to pregnancy loss in these three mares because their conceptuses appeared to be losing viability coincidentally with the expected start of eCG secretion.
The pattern of conjugated oestrogen secretion in the three successful cloned mule pregnancies was consistent with that observed in non-cloned equine pregnancies (Cox 1975) . A rise in conjugated oestrogens of placental origin typically begins between Days 70 and 80 of gestation, which generally reaches peak levels between Days 200 and 240 of gestation (Allen 2000) . The change in conjugated oestrogen levels observed throughout gestation in the successful cloned mule pregnancies is further evidence of the apparent normality of placental development and function in these cloned equine pregnancies.
Gross and histological examination of two unsuccessful cloned mule conceptuses did not identify any conclusive pathological changes, so the underlying reason(s) for their demise remains unknown. Given that some of the conceptuses showed ultrasonographically detectable derangements of the fetal membranes (as in Fig. 3 ), specific lesions may have been identified had more unsuccessful conceptuses been examined. Further work will be needed to determine whether specific developmental abnormalities can be identified that may contribute to the high rate of pregnancy loss in cloned equine conceptuses.
In summary, like most species, there was a very high incidence of pregnancy failure in the cloned equine pregnancies described herein; however, unlike some species (most notably sheep and cattle), all pregnancy losses occurred during early gestation (<60-80 days). The unsuccessful cloned equine pregnancies appeared to be more likely to develop conceptuses that were small for their gestational age and/or failed to develop an embryo proper. Although four of seven of the unsuccessful cloned pregnancies appeared to have decreased eCG secretion, only one conceptus appeared to have decreased eCG secretion at a time when the conceptus was clearly still viable and, in the other three unsuccessful pregnancies, conceptus viability was waning at the time when eCG secretion should have been increasing. Therefore, we did not see conclusive evidence that altered eCG secretion contributed to the pregnancy failures that were observed. Similarly, gross and microscopic examination of two conceptuses did not reveal evidence of an underlying reason for pregnancy failure. Further work will be necessary to more fully understand the underlying and/or inherent defects in cloned equine conceptuses that contribute to the high rate of failure.
